[1] We show fine-scale variations of seismic velocities and converted teleseismic waves that reveal the presence of zones of high-pressure fluids released by progressive metamorphic dehydration reactions in the subducting Philippine Sea plate in Tokai district, Japan. These zones have a strong correlation with the distribution of slow earthquakes, including long-term slow slip (LTSS) and low-frequency earthquakes (LFEs). Overpressured fluids in the LTSS region appear to be trapped within the oceanic crust by an impermeable cap rock in the fore-arc, and impede intraslab earthquakes therein. In contrast, fluid pressures are reduced in the LFE zone, which is deeper than the centroid of the LTSS, because there fluids are able to infiltrate into the narrow corner of the mantle wedge, leading to mantle serpentinization. The combination of fluids released from the subducting oceanic crust with heterogeneous fluid transport properties in the hanging wall generates variations of fluid pressures along the downgoing plate boundary, which in turn control the occurrence of slow earthquakes. Citation: Kato, A., et al. (2010), Variations of fluid pressure within the subducting oceanic crust and slow earthquakes, Geophys.
Introduction
[2] Slow earthquakes have been widely detected on the deep extension of megathrust faults around the circumPacific subduction zones [e.g., Obara, 2002; Ozawa et al., 2002; Rogers and Dragert, 2003; Kostoglodov et al., 2003; McCaffrey et al., 2008] . Because a slow earthquake is shear slip intermediate between fast, brittle rupture and slow, stable sliding , slow earthquakes effectively increase shear stress on the shallow dangerous megathrust faults. Recent studies of slow earthquakes point to the involvement of high-pressure fluids near the plate boundary in the occurrence of slow earthquakes [Kodaira et al., 2004; Shelly et al., 2006; Liu and Rice, 2007; Audet et al., 2009; Song et al., 2009] . However, the geological origins and distributions of high pressured fluids are less well documented, even though this knowledge is likely to be crucially important in assessing the nature of slow earthquakes. Characterizing how and where high-pressure fluids are generated in association with ongoing subduction may help in understanding the temporal and spatial occurrence of slow earthquakes.
[3] The Philippine Sea Plate is subducting beneath the Eurasian Plate in a northwesterly direction through the Suruga trough in the Tokai district ( Figure 1 ). Megathrust earthquakes with M w = 8 have occurred persistently in the Tokai district with time intervals of approximately 150 years. Geodetic measurements have outlined the seismic gap as a strongly coupled area with slip deficit rate greater than 20 mm/yr [Ozawa et al., 2002; Suito and Ozawa, 2009] . Down-dip from the locked zone, a long-term slow slip (LTSS) occurred from 2000 to 2005, for which the cumulative moment magnitude reached 7.1 [Suito and Ozawa, 2009] . Additionally, slow earthquakes with shorter characteristic durations than the LTSS, represented by non-volcanic tremors, LFEs and short-term slow slips, have been detected near the down-dip edge of the LTSS area (Figure 1 ) [Hirose and Obara, 2006; Suda et al., 2009] . This lateral offset between the LTSS and the other slow earthquakes with shorter durations provides us a unique opportunity to elucidate effect of fluid pressures on the characteristic durations or dimensions of slow earthquakes.
[4] To investigate variations of seismic structure correlated with the slow earthquakes, we deployed a dense linear array in 2008 consisting of 80 temporary seismic stations with a length of 100 km extending from the locked to the aseismic stable sliding regime (Figure 1 ). We then merged this array data with data from permanent stations in the study region. High-resolution seismic tomography and receiver function techniques were used to image structural elements within the subduction complex as well as to determine precise hypocenter solutions, including LFEs.
Data and Methods
[5] The dense seismic observations were conducted from April to August in 2008 (Figure 1b) . The linear array consists of 70 seismometers with 1 Hz natural frequency, 5 seismometers with 2 Hz natural frequency and 5 accelerometers, those continuously recorded three-component signals at a sampling rate of 200 or 100 Hz. Both P-and S-wave arrival times from 782 earthquakes including 17 LFEs were manually picked from waveforms observed by both dense temporary stations and permanent stations. Additionally, we used first arrival time data of three explosive sources recorded by 185 seismic stations deployed in 2001 along a seismic survey line [Kodaira et al., 2004] .
[6] The double-difference tomography method [Zhang and Thurber, 2003 ] was then applied to the arrival time data. We used absolute arrival times with the differential arrival times for the manually picked and more accurate differential arrival times obtained by the waveform crosscorrelation method. The grid spacing for the tomography ranges from 3 to 5 km on the depth section parallel to the seismic array profile. For details, please see Text S1 and Figures S1-S6 of the auxiliary material.
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[7] We calculated receiver functions using teleseismic waveforms recorded by stations equipped with 1 Hz seismometers within the array, applying the spectral division [Ammon, 1991] method with a water level fraction of 0.01 and Gaussian filter width of 3.0 (∼2 Hz low-pass filters) (Text S1 and Figure S7 ). The time series of the receiver functions were converted to depth sections applying a form of migration to each event-station pairing, where each receiver function is repositioned to the predicted location of the P-S converted phases assuming a one-dimensional velocity model for each station. The one-dimensional velocity model beneath each station was constructed from interpolation of the final tomography model ( Figure S4 ). The depth series of each receiver function can be represented by a bending ray with ray parameter and back-azimuth. The individual migrated receiver functions were then stacked onto 1 km by 1 km cells along the seismic array profile.
Results and Discussions
[8] A depth-section of receiver functions (Figure 2e) shows that the oceanic crust, of which the top and bottom (plate interface and oceanic Moho) are outlined by strong negative and positive amplitudes, respectively, is subducting at a dip angle of approximately 15°. The subducting oceanic crust is on average characterized by relatively low-velocities and high V p /V s ratios (Figures 2b-2d ), interpreted to indicate fluids released by progressive metamorphic dehydration reactions in the oceanic crust [Hacker et al., 2003] . Extrapolation of laboratory measurements made at lower pressures [Christensen, 1984] allows us to interpret the velocity anomalies as variations of fluid pressures within the downgoing oceanic crust.
[9] Anomalously low V p and V s velocities with peak V p /V s ratio (∼1.95) in the oceanic crust coincide with the centroid of the LTSS area. The area of anomalously low velocities corresponds to a subducted ridge imaged as a slightly upward doming structure of seismic reflectors by Kodaira et al. [2004] . The seismic velocities of the subducted ridge (V p ∼ 6.6 km/s, V s ∼ 3.5 km/s (see Figure S4) ) are lower and V p /V s is higher than those of common oceanic crustal rocks basalt (greenschist facies), diabase and gabbro [Hacker et al., 2003; Christensen, 1996] .
[10] Intraslab earthquakes dipping parallel to the plate interface are distributed near the Moho of the subducting oceanic crust (Figure 2e) . However, the intraslab seismicity in the subducted ridge with anomalously low velocities is almost completely suppressed (Figure 3a) . A commonly invoked mechanism to promote intraslab earthquakes is the dehydration embrittlement of serpentine within the slab [Kirby et al., 1996] . The kinetics of serpentine dehydration [Perrillat et al., 2005] indicates that overpressured (near lithostatic) fluids impede the dehydration reactions, which would in turn lead to a paucity of intraslab seismicity. As an alternative hypothesis, a local temperature increase near the subducted ridge could impede the intraslab seismicity. However, the thermal anomaly associated with the ridge may be less significant, because formation of the ridge is predominantly related to tectonic crustal shortening/thickening, based on the seismic images acquired in shallow portions of a zone of cyclic ridge subduction offshore the Tokai district [e.g., Mazzotti et al., 2002] .
[11] Thus, the combination of the anomalously lowvelocities and high-V p /V s ratio with the paucity of intraslab earthquakes is consistent with the inference that overpressured fluids are trapped within the subducted ridge. To generate overpressured fluids, it is necessary to seal pathways for fluid transport into the overlying fore-arc crust. Indeed, a high-V p body with moderately high-V p /V s ratio is present (and was presumably underplated) at the base of the fore-arc crust (−20 < X < 0 km). This high-V p body just above the overpressured subducted ridge is interpreted to act as an impermeable barrier or cap rock that restricts fluid movement and generates the fluid overpressure [Audet et al., 2009; Reyners and Eberhart-Phillips, 2009] .
[12] At the greater depths of the LTSS area (−45 < X < −25 km), well relocated LFEs align linearly along the plate interface at the onset of the contact between the mantle wedge corner (i.e., the base of the land Moho as delineated by a positive amplitude in the receiver functions) and the top of the oceanic crust. The underlying oceanic crust is characterized by slightly reduced velocities and moderately high V p /V s ratio (∼1.85), which implies that high-pressure fluids are still present. However, the amplitudes of the seismic anomalies are diminished compared with those of the subducted ridge (LTSS centroid area) (Figures 2 and 3b) . We therefore infer that fluid pressures within the oceanic crust are somewhat reduced in the LFE zone. This fluid pressure reduction is likely to be caused by partial leakage of fluids into the overlying mantle wedge corner. If fluids infiltrate into anhydrous mantle, mantle serpentinization occurs [e.g., Bostock et al., 2002; Kawakatsu and Watada, 2007] . Indeed, the mantle wedge above the LFE alignment has lower velocities (V p ∼ 7.2 km/s, V s ∼ 4.0 km/s), and moderately high V p /V s ratio (∼ 1.8) compared to typical anhydrous mantle ( Figure S4 ). The amount of velocity reductions indicates 20-30% serpentinization in the mantle wedge [Hyndman and Peacock, 2003] . Beneath the Tokai, serpentinization of the mantle wedge has not progressed to the point of producing an inverted Moho as observed in the Cascadia subduction zone [Bostock et al., 2002] . Since nonvolcanic tremor is largely composed of swarms of LFEs in SW Japan , it is expected that tremors should also occur along the plate interface beneath the serpentinized mantle wedge. It is worth noting that our results provide new evidence documenting the spatial relationship between tremors and serpentinized mantle.
[13] At the lowermost imaged depth of the oceanic crust (−60 < X < −45 km), the oceanic crust shows a rapid reduction of V p /V s ratio and an increase of seismic velocities accompanied by abundant intraslab earthquakes. These intraslab earthquakes are occurring in a normal faulting stress regime [Toda and Matsumura, 2006] and cease approximately 10 km northwestward (X ∼ −70 km). Furthermore, the Philippine Sea slab appears to initiate its downward bend at approximately 50 km depth based on a regional large-scale tomography model [Nakajima and Hasegawa, 2007] . We interpret these observations as indicating the onset of eclogitization of the oceanic crust, which corresponds to a phase transformation of hydrous minerals in basalt from epidote-blueschist to amphibole-eclogite facies. The fluids released by the eclogitization further enhance the serpentinization of the mantle wedge and LFEs.
[14] At the shallower depths of the LTSS area (5 < X < 30 km), we infer that fluid pressures within the oceanic crust are further reduced compared with those of the LFE zone, based on decrease in amplitudes of the seismic anomalies (Figure 2 ). This fluid pressure reduction is likely caused by low production rate of fluids in low temperature conditions. The base of the fore-arc crust, which is characterized by high-velocities with low V p /V s ratio dipping parallel to the subducting oceanic crust, is also interpreted to act as the cap rock.
[15] We find a vertically elongated low velocity zone at the northwest side of the deep extension of the Median Tectonic Line (MTL) (Figure 2 ). This low-velocity anomaly with low-V p /V s ratio appears to originate from the plate boundary. According to Takei [2002] , the low-V p /V s ratio as well as the low-velocities can be explained by the presence of fluid-filled pores with high aspect ratios (∼0.1). It thus seems probable that some fluids leaking from the overpressured subducted ridge migrate upward along deep shear zones of the MTL, which function as fluid conduits. Fluids reduce the strength of crustal rocks, enhancing ductile creep [Carter and Tsenn, 1987] , so weak shear zones could develop at the deep extension of the MTL, which in turn leads to loading on brittle faults in the upper crust. This implies that deep subduction fluids can induce crustal seismogenesis [Wannamaker et al., 2009] . One may argue that if fluids are able to migrate along the MTL, it would be difficult to maintain the high fluid pressure within the subducting oceanic crust at depths greater than the MTL contact. However, it is possible that crustal eclogitization supplies additional fluids to help maintain the high fluid pressure.
[16] The present results suggest that combination of dehydration fluids with heterogeneous fluid transport properties in the overlying fore-arc plate generates variations of fluid pressures along the downgoing plate boundary, which in turn control the occurrence of slow earthquakes. Focusing around the centroid of the LTSS area, inferred fluid pressures within the subducting oceanic crust gradually decrease both updip and downdip (Figure 3 ), but in an asymmetric manner: higher pressure appears to extend further downdip than updip. This asymmetric distribution of fluid pressures correlates well with the slip-rate of the LTSS (Figure 2a) .
[17] Our results that the fluid pressure in the centroid of the LTSS is larger than that of the LFE zone imply that as fluid pressure increases, the characteristic dimension of the fault plane L of a slow earthquake increases. Therefore, it is plausible that stress drop Ds released by a slow earthquake decrease as L increases, because Ds associated with quasistatic shear slip is likely to be proportional to the effective normal stress. This inverse dependence of Ds on L indicates that a diffusional earthquake model involving high-pressure fluids is preferable as the basic mechanism of slow earthquakes.
Conclusions
[18] Based on fine-scale variations of seismic velocities and converted teleseismic waves, we reveal that the combination of fluids released from the subducting oceanic crust with heterogeneous fluid transport properties in the hanging wall (i.e., a cap rock at the base of the overlying plate and mantle wedge corner) generates variations of fluid pressure along the plate boundary. Focusing around the centroid of the LTSS area, inferred fluid pressures within the subducting oceanic crust gradually decrease both updip and downdip, but in an asymmetric manner: higher pressure appears to extend further downdip, where tremors or LFEs are present, than updip. This asymmetric distribution of fluid pressures correlates well with the slip-rate of the LTSS. 
